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CTCFteraction has been proposed and demonstrated for enhancer elements separated
from the gene by hundreds or thousands of base pairs. This paved the way for the detection of additional
enhancer properties, such as the regulation of interaction, and the contacting of genes in trans on other
chromosomes. The outspread arrangement of regulatory elements and transcription units requires insulators
to prevent the functional interference of enhancer elements with inappropriate promoters. Apparently,
insulators mediate differential chromatin folding to allow or to prevent enhancers from contacting speciﬁc
promoters. The factor CTCF is often involved in bridging separated chromatin regions. In addition to
interchromosomal contacts, intrachromosomal interactions have been demonstrated for genes with a similar
regulation, such as active genes, estrogen induced genes and imprinted genes. With more sophisticated and
sensitive methods combined with deep sequencing and array technology, a huge number of long range
interactions can expected to be characterized in the near future.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
The genome of higher eukaryotes consists of large amounts of
DNA, which make up to 2 m of length in the case of the human
genome. These 2 m of DNA molecules are packed within a nucleus of
about 10 μm in diameter. It is conceivable that in such an overcrowded
situation many DNA molecules will contact each other. On the other
hand, regulatory regions, like enhancers, often are quite separated
from the gene to be regulated. Moreover, when an enhancer had been
noncovalently attached to the β-globin promoter via proteins,
activation of the β-globin promoter was observed [1]. These and
other observations argue for mechanisms controlling the three-
dimensional arrangement and contacts of chromatin within the
nucleus. The need for deﬁned and controlled chromatin contacts is
further given by the fact that gene regulation is a tightly regulated
process involving the concerted action of hundreds of players. Since all
of these cannot simultaneously act throughout the nuclear space, they
are found in subnuclear “factories”. Again, several chromatin regions
have to be in contact within these “factories” to proﬁt from the
concentration of regulatory factors.
Several techniques have been used to identify and study chromatin
regions in contact. These include microscopic analyses after DNA or
RNA ﬂuorescent in situ hybridization (FISH) as well as biochemical
methods, such as the chromosome conformation capture (3C)
technique [2] and sophisticated variations thereof. Now we know
that distantly located enhancer elements are in contact with the
activated promoter on the same chromosome as well as in “trans” onn.de (R. Renkawitz).
l rights reserved.different chromosomes. These interactions are curbed by insulators,
which mediate three-dimensional interactions preventing functional
enhancer–promoter contacts. Examples of these, the molecules
involved and proposed mechanisms are discussed below.
2. Enhancer–promoter interaction
2.1. Intrachromosomal enhancer–promoter interaction
For many years, after the discovery that enhancers are separated
from the genes often by thousands of base pairs of DNA, it has been
postulated that enhancers and promoters interact irrespective of the
DNA between them. As a consequence, a loop of a stretch of DNA
results, which otherwise would separate promoter and enhancer on a
one dimensional level. Since then, such an interaction and looping
could be demonstrated in several cases. For example, in the case of the
prolactin gene, an estrogen response element 1500 bp upsteam of the
promoter activates the gene upon estrogen induction. Using a similar
technique as compared to the more elaborate 3C technique developed
later [2], it could be shown that promoter and enhancer interact and
that estrogen treatment of rat pituitary GH3 cells stimulates the
formation of chromatin loops between enhancer and promoter [3].
Inducible models are valuable tools to study changes of interac-
tions. The in vitro differentiation of CaCo-2 cells results in activation of
the HNF-4α gene. During the course of differentiation, a loop is
generated from the upstream enhancer towards the promoter [4].
Because the authors found enhancer factors associated with DNA
regions between enhancer and promoter during a transient period,
they suggested that starting from the enhancer the other end of the
loop migrates towards the promoter. A more complex situation is
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intronic enhancer in addition to two enhancers downstream of the
transcription unit. It was shown by the use of the chromosome
conformation capture technique that the actively transcribed Ig alleles
show interactions between the three enhancers and the promoter [5].
Since enhancer–promoter loop formation can be regulated, this
may be one mechanism to control enhancer function. This is nicely
exempliﬁed at the c-Kit gene [6], which is expressed during early
erythropoiesis and is repressed later in maturation. The factor GATA-2
binds to the enhancer 114 kb upstream of the c-Kit gene (Fig. 1).
Thereby, probably in concert with other factors, the enhancer loops
back and contacts the promoter. Upon cell maturation another factor,
GATA-1, replaces GATA-2 at the enhancer and additionally binds the
promoter as well as a region 58 kb downstream of the promoter. The
authors suggest that this may generate an alternative loop with a
displaced enhancer and consequently leads to gene repression [6].
2.2. Transvection and interchromosomal interaction
Early genetic analyses in Drosophila revealed a phenomenon
termed transvection [7]. As analyzed at the Bithorax complex (BX-C)
and at other gene loci as well, Edward Lewis predicted that paired
heterozygotic chromosomes could lead to functional complementa-
tion, in contrast to unpaired chromosomes. Detailed analysis of
mutants at the yellow locus revealed that an allele with a functional
enhancer of a yellow null mutant can complement an allele with a
non-functional enhancer and a yellow transcription unit [8]. These
genetic results argued for an interchromosomal interaction of
enhancer and promoter sequences located on homologous chromo-
somes. A similar conclusion can be drawn from transgenic constructs
with regulatory Fab-7 or Mcp elements of the BX-C [9,10]. Homo-
logous elements pair, and interaction requires Polycomb and
components of the RNAi machinery [9,11].
Consequently one could expect that enhancer and promoter
elements located on non-homologous chromosomes should allow
functional contacts as well. Such a situation has been found for the
olfactory receptor genes [12]. The mouse genome contains about
1300 genes coding for different variants of olfactory receptors, only
one of which is expressed in individual neurons. In transgenic mice a
particular enhancer “H” has been identiﬁed 75 kb upstream of an
olfactory receptor gene cluster [13]. The group of Richard Axel
reasoned that if the H enhancer contacted single promoters of
olfactory receptor genes in trans, the requirement for single receptorFig. 1. Regulation of enhancer–promoter interaction regulates gene activity. The c-Kit
gene is activated during early erythropoiesis by enhancer bound GATA-2 (green oval).
The enhancer located at −114 kb folds back onto the promoter (black triangle). Upon cell
maturation GATA-2 is replaced by GATA-1 (red circle), which binds the enhancer, the
promoter and a 58 kb downstream site. This may trigger an alternative loop formation
causing the gene to be turned off [6].gene expression would be achieved (Fig. 2). Indeed, using the 3C
assay it could be shown that the H enhancer interacts in trans with
olfactory receptor genes. Furthermore, DNA and RNA FISH experi-
ments showed that the active receptor gene is the one associated
with the enhancer [12].
3. Insulation
3.1. Drosophila
The outspread arrangement of transcription units and regulatory
elements requires borders to prevent the functional interference of
enhancer elements with inappropriate promoters. This requirement
seems to bemuchmore pronounced in a compact genomewith tightly
clustered genes as is the case in Drosophila. Indeed, the ﬁrst insulators
described were the “specialized chromatin structures”, scs and scs',
that ﬂank the two heat shock genes at the hsp70A locus in Drosophila
[14]. The enhancer-blocking insulator properties are dependent on
two different proteins, Zeste-white 5 (Zw5) that binds to scs, and
boundary element associated factor BEAF-32 that interacts with scs'
[15,16]. The use of the 3C technique revealed that both sequence
elements are in close proximity. Since BEAF-32 and Zw5 interact with
each other, these proteins may mediate loop formation [17].
The best studied Drosophila insulator is the Gypsy transposon. This
transposon contains repeated binding sequences for the factor
“suppressor of Hairy wing” (su(Hw) [18]. The transposon or the su
(Hw) binding sites as an isolated fragment were shown to mediate
enhancer blocking within the yellow locus. Enhancer-blocking
function by su(Hw) is mediated or affected by additional factors,
such as Mod(mdg4) (modiﬁer of mdg4), CP190 (centrosomal protein
190), the ubiquitin ligase dTopors, and a putative RNA helicase Rm62
[19–22]. Enhancer blocking and formation of insulator bodies as an
indication of chromatin loop formation also depend on an RNA
component. Mutation of genes involved in the RNAi pathway impair
insulator activity [19]. Mapping of su(Hw) binding sites in selected
regions of the genome revealed hundreds of sites, for some of which
an enhancer-blocking function was suggested [23–25].
Another example of insulator function is the Bithorax complex
(BX-C), that includes the three homeotic genes Ultrabithorax (Ubx),
abdominal A (abd-A) and Abdominal-B (Abd-B). This 300 kb region is
subdivided into 9 distinct regulatory domains controlling the three
genes individually and speciﬁcally with respect to particular para-
segments [26–28]. Of the 8 boundaries between the 9 regulatory
domains three have been functionally identiﬁed as chromatin insu-
lators with enhancer-blocking activity. These are Miscadastral pig-
mentation (Mcp), Frontabdominal-7 (Fab-7) and Frontabdominal-8
(Fab-8) [28]. Using transgenic constructs, pairing between two Mcp
elements could be shown genetically [29,30]. The use of Dam
methyltransferase identiﬁcation to probe for interactions between
the Fab-7 boundary and other regions in the BX-C revealed a strong
methylation signal at the Abd-Bm promoter, 35 kb away. This
indicates a contact between these elements in vivo [31]. Another
study showed that all Polycomb response elements of this region
interact at a distance [32]. The GAGA factor was shown to be required
for the enhancer-blocking function of Fab-7 [33], whereas dCTCF is
associated with the other known or predicted insulators of BX-C [34].
dCTCF is the only one of the known Drosophila insulator factors with
a conserved counterpart in vertebrates. This factor is structurally
related to su(Hw), however both factors have distinct binding targets.
In contrast to this difference in DNA binding, the Su(Hw) interacting
factor CP190 largely overlaps with dCTCF binding sites and interacts
with dCTCF. In many cases binding of dCTCF to targets requires CP190
[35]. dCTCF null mutations affect expression of Abdominal-B, cause
pharate lethality and a homeotic phenotype. For the function of the
Fab-8 insulator element, dCTCF as well as CP190 binding are required
[35,36].
Fig. 3. The imprinted Igf2/H19 locus differentially folds back to allow or to prevent
enhancer action. CTCF mediates interactions, which in the case of the maternal allele,
prevent the enhancer from interacting with the Igf2 promoter (see text).
Fig. 2. Enhancer interaction in “trans” with alternative promoters. In the case of the
mouse olfactory receptor genes, a single enhancer, located on chromosome 14,
associates with multiple receptor gene promoters located on different chromosomes.
Only a single enhancer-gene interactionwithin a single sensory neuron is possible, such
that a single neuron expresses only one type of receptor molecules [12].
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Although the demand for insulators in genomes with larger
distances between genes seems to be less obvious, there are well es-
tablished examples of insulator mediated gene regulation in mam-
mals. The most intensively analyzed case is the Igf2/H19 locus in mice
andman. The regulation of this locus is imprinted by both parents. For
thematernal allele the Igf2 gene is turned off, whereas the H19 gene is
transcribed. The reverse situation is found for the paternal allele (Fig.
3). Loss of imprinting at this locus causes the Beckwith–Wiedemann-
Syndrome with increased rates in tumor formation [37]. One of the
regions responsible for this expression pattern is the imprinting
control region (ICR) located upstream of the H19 promoter. The
unmethylated ICR of the maternal allele is bound by the enhancer-
blocking factor CTCF, whereas on the methylated ICR CTCF cannot
bind. The H19 downstream enhancer induces the H19 promoter and
CTCF prevents activation of Igf2 on the maternal allele. In contrast,
methylation of the ICR and ﬂanking regions silences the H19 promoter
and the downstream enhancer activates the Igf2 gene (for reviews see
[38]). Using the 3C method several groups have demonstrated an
enhancer interaction with the Igf2 promoter (Fig. 3) in the case of the
paternal allele. Interaction between the ICR and the Igf2 promoter
region has been demonstrated for the CTCF bound maternal allele
[39–43], with CTCF mediating this interaction [40,44]. There are
differences between the results of these groups in that interactions are
more complex (knot model) including enhancer contacts with the ICR,
which also would prevent enhancer mediated activation of the Igf2
gene [42,43].
4. Active chromatin hub
The mouse and human β-globin gene families are organized and
regulated such that the 5′ to 3′ order of genes reﬂects their deve-
lopmental expression. The locus control region (LCR) regulates this
expression. Because of the organization and regulation of the locus,
long range chromatin interactions have been postulated (for review
see [45]) that mediate functional interaction between the LCR and the
genes to be activated. Use of the 3C technique conﬁrmed long range
chromatin interactions, but these were surprisingly much more
complicated than a simple LCR/gene contact. Interaction of the LCR
with active genes together with distant regulatory regions were
observed [46]. For this scenario, where several chromatin loops are
generated, the term “active chromatin hub” was coined. Active genesloop in, whereas inactive ones loop out. Interestingly, regions
contacting each other are bound by CTCF and the interaction is
dependent on CTCF in erythroid progenitor cells [47]. Later during
differentiation the presence of CTCF is not required for the LCR-gene
contacts.
A somewhat related situation was seen for the histocompatibility
complex class II (MHC-II) genes HLA-DRB1 and HLADQA1. These
genes are separated by 45 kb. In the induced state, both gene pro-
moters interact with an intergenic element, which is a binding site for
CTCF. The formation of these long-distance loops and the activity of
both associated genes are dependent on two transcriptional activa-
tors (CIITA and RFX5), and on CTCF. All three factors are found in a
complex [48].
5. Interchromosomal interaction
5.1. Active genes
Given the fact that enhancers can interact through nuclear space
with genes on the same or on other chromosomes, it is conceivable to
assume that coregulated genesmay be in close proximitywhen spaced
by several Mb on the same chromosome, or even when located on
different chromosomes. Such a situationwas seen for genes on mouse
chromosome 7 that are co-localized with the active β-globin genes
[49]. Interestingly, co-localizationwas dependent on transcription, and
it was therefore concluded that genes migrate to preassembled
factories for transcription. But what about interchromosomal interac-
tion? The interferon-γ (IFN-γ) gene on chromosome10was studied for
a possible interaction with the regulatory regions of the Th2 locus on
chromosome 11. Using the 3C technique contacts could be demon-
strated, which were lost during gene activation in favor of intrachro-
mosomal contacts [50].
In order to detect possible interacting sites on different chromo-
somes in an unbiased manner, several laboratories modiﬁed the 3C
technique [51]. For the mouse Hoxb1 gene it could be shown that
interchromosomal interactions occur. In contrast to the observation
with the IFN-γ gene, these interactions increased during Hoxb1
induction, whereas intrachromosomal interactions became less
frequent [52].
In the case of the housekeeping Rad23a gene, which is located in a
gene dense region, frequent interchromosomal interactions were
detected [53]. A common theme of the interacting regions was that a
great majority of these contain active genes in two tissues analyzed,
liver and brain.
Recently, estrogen regulated genes on different chromosomes that
interact with each other have been demonstrated [54]. Interestingly,
this interactionwas dependent on ligand, the estrogen receptor α, the
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These ﬁndings may explain the fast kinetics of interaction through the
use of an active motor.
5.2. Imprinted genes
There are about 80 genes known with a parental imprint. These
genes are often clustered, with maternal and paternal imprints
intermingled. Since long-distance interaction within a cluster had
been demonstrated (see above), the obvious question was whether
separate clusters can interact as well. Two groups [55,56] used the
unbiased version of the 3C assay to identify interaction partners of
the H19 ICR (see Fig. 3). From a larger set of interacting sites
throughout the genome, about 20% represented known or candidate
imprinted regions. Analysis of the differentially methylated region
(DMR) of the gene Impact, that interacts with the H19 ICR, revealed a
speciﬁcity for the maternal H19 allele, the one which binds CTCF [56].
Similarly, the Wsb1-Nf1 locus was found to interact with H19 ICR.
Again, it was the maternal H19 allele that interacted with the
paternal Wsb-Nf1 locus in this case [55]. In both cases, interaction
was dependent on CTCF and inﬂuenced gene activity of the H19
interaction partners.
6. Ctcf
6.1. Many CTCF functions involve bridging between chromatin regions
CTCF had originally been independently identiﬁed as a DNA-
binding factor interacting with repressive regulatory sequences
upstream of the chicken lysozyme and the human c-myc (MYC)
genes [57,58]. At the lysozyme gene it was called negative protein 1
(NeP1), but due to the presence of CCCTC elements in many binding
regions it was named the CCCTC-binding factor, CTCF. The CTCF
protein is highly conserved among vertebrates, sharing 80% overall
sequence identity. Even the Drosophila orthologue is strikingly similar
in DNA-binding and sequence recognition [36]. In most tested
vertebrate and Drosophila tissues, CTCF is expressed and exclusively
localized to the nucleus [59]. CTCF was shown to be involved in
central cellular functions, for example in the regulation of cell
proliferation. Gene mutations have been found in patients with
breast, prostate, and Wilm's tumours [60]. These mutations were
located within the central 11 zinc-ﬁnger DNA-binding region and
abrogated some but not all DNA interactions. For example, binding to
the ARF gene (cyclin-dependent kinase inhibitor 2A), implicated in
cancer, is abrogated leading to repression of transcription. In contrast,
binding to other genes not involved in cell proliferation was not
changed. Furthermore, dCTCF is essential for the development from
puparium to adults [35], and mouse CTCF is required for embryonic
development [47,61].
CTCF was also shown to be one of the key regulators of X-
chromosome inactivation in mammalian females [62]. More than 40
putative binding sites for CTCF have been identiﬁed within the control
region of the murine Tsix gene, known to be involved in the regulation
of X inactivation. This dosage compensation of additional X chromo-
somes requires that homologous X chromosomes pair. Pairing is
dependent on a region within Tsix and on CTCF [63,64].
It is conceivable that CTCF might potentially mediate chromatin
interactions without the need of co-factors, since it has been shown
that DNA bound CTCF can dimerize and thereby connects two separate
DNA molecules [65]. Nevertheless, co-factors have been identiﬁed
which target CTCF. Nucleophosmin (B23) has been shown to tether
CTCF bound DNA to the nucleolus [66]. This may help to organize an
interacting chromatin scaffold.
The examination of another factor involved in bridging chromatin,
cohesin, resulted in the identiﬁcation of binding sites identical to CTCF
[67–69]. Cohesin binding is required from S phase to cell division inorder to keep sister chromatids together. This cohesion is essential for
the correct mitosis or meiosis. Cohesin consists of four proteins which
embrace sister chromatids like a ring [70]. In addition to this S/G2
function, vertebrate cohesin binds to chromatin at the end of mitosis
to G1 [71]. Independent of the cohesion function, chromatin immuno
precipitation (ChIP) revealed speciﬁc sites bound by cohesin through-
out G1 and G2 [67,69]. Since these sites were identical to CTCF binding
sites, a model was proposed which depicts CTCF as the DNA-binding
component with cohesin attached. This model was supported by
several experiments leading to the conclusion that cohesin is required
for the insulator function of CTCF, whereas the sister chromatid
cohesion does not involve CTCF.
6.2. Epigenetic inheritance
The best understood molecular mechanism of epigenetic inheri-
tance is the methylation of DNA at position ﬁve of cytosine at CpG
dinucleotides. Since this is a palindromic sequence, the maintenance
methyltransferase DNMT1 can copy themethyl mark on the “old”DNA
strand to the “new” DNA strand. Themethylated DNAmay now recruit
proteins with a methyl-CpG-binding domain (MBD) [72] or may
inhibit binding of factors such as CTCF. This mechanism allows for
stable propagation of the maternal expression pattern of e.g. the Igf2/
H19 genes versus the paternal pattern [38].
In several cases, CTCF binding sites contain one or several CpG
dinucleotide sequences, which after methylation can interfere with
CTCF binding [59,73]. Although the majority of sites as depicted by the
consensus derived from genome wide mapping [74,75] do not show
CpGs, this element is found in several crucial CTCF sites, such as the
site at the H19 ICR.
Therefore, DNA methylation as a stably inherited epigenetic mark
controls CTCF binding at a number of speciﬁc sites. This does not explain
how the competition between productive enhancer/promoter loop
formation and CTCF mediated chromatin loops with enhancer-blocking
function is controlled. It would be difﬁcult to envisage that full enhancer
blockage could occur when after mitosis both types of loops are
generated in a competitive way. Most of the basal transcription factors,
RNA polymerases, and enhancer binding factors are absent from the
condensed, mitotic chromosomes, as are enzymes that are involved in
the modiﬁcation of histones, such as histone acetyltransferases (HATs)
and deacetylases (HDACs) that are excluded from the mitotic chromo-
somes [76–80]. In contrast, CTCF remains bound to some extent to the
mitotic chromosomes [39]. It was predicted that, if CTCF organizes
enhancer-blocking chromatin loops, these loops might be maintained
throughout mitosis as well. Indeed, 3C analysis revealed that the long
range interaction between Igf2 DMR1 and H19 ICR is maintained at
comparable levels in bothmitotic and interphase chromosomes [39]. In
contrast, the interaction of the enhancer with the Igf2 promoter could
only be detected in interphase and was not seen in mitotic chromatin.
Recently, a more complex three-dimensional “knotted loop” was found
that keeps the enhancers away from the Igf2 promoters. Binding of CTCF
to the maternal, unmethylated ICR in the presence of multi-complex
components silences the maternal Igf2. This silencing conﬁguration
exists in newborn liver, mouse embryonic ﬁbroblast, and embryonic
stem cells, persists during mitosis, and confers a mechanism for
epigenetic memory [42].
7. Perspectives
Given the crowdedness of chromatin within the nuclei, intra- and
interchromosomal interaction had been expected to occur. Indeed,
these interactions have been demonstrated within genes (enhancer/
promoter) and between genes. For some of these the functional
relevance remains to be shown. There are interactions that permit gene
activity, aswell as interactions that inhibit gene function. It is very likely
that mixed situations exist, which simultaneously confer activity to
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given by the interchromosomal interaction of a single enhancer with
individual olfactory receptor genes. This induces the contacted gene
while simultaneously hindering the activation of other genes.
We might predict that with the advance of more sophisticated
methods and sequencing of hundreds of thousands of interaction
products generated by crosslinking, digestion and ligation of the DNA
fragments, we will soon have a whole genome interaction map
available. Although criteria will have to be established to distinguish
between interaction and collision, the number of interactions taking
place will be enormous. Because when evolution creates mechanisms
to regulate and to utilize interactions between different chromatin
regions, it is very likely that they are being used.
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